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The Triassic–Jurassic carbonaceous sequence of
Sikhote Alin includes metalliferous sediments repre-
sented by siliceous–rhodochrosite rocks and their meta-
morphosed analogues [3, 4], siliceous rocks with
pyrophanite (“brown cherts”), tin–iron ores, “ilmenite–
biotite–feldspar” (metamorphosed clayey) rocks, and
“itabirites.” They are characterized by high contents of
Au, Ag, Pt, and Pd [2] and the ubiquitous presence of
minerals of these elements. Hydrothermally altered
sandstones, as well as siliceous–clayey and siliceous
rocks, which are associated with syngenetic metallifer-
ous rocks, contain grains of gold, silver, argentite, plat-
inum, Pd-platinum, itenbohaardite, and other minerals
of noble metals. It should be mentioned that identifica-
tions of all minerals mentioned in this paper have been
confirmed by microprobe analyses. Another type of
hydrothermal ores is represented by Mn-rich amphib-
ole–pyroxene rocks that contain native gold, silver, Pd-
platinum, and other minerals of gold, silver, and plati-
num group metals (PGM). Hydrothermal ores are prod-
ucts of the regeneration of metalliferous rocks due to
the evolution of Late Cretaceous granitoid massifs. The
amphibole–pyroxene rocks formed after calcareous
sandstones, which are probably of Late Triassic age [3].

The southern Sikhote Alin region incorporates
numerous Late Cretaceous skarn and vein (cavity-fill-
ing) deposits of lead, zinc, silver, tin, tungsten, and iron.
Skarns are characterized by high concentrations of Mn
derived from manganese rocks [1]. Similarly as other
metalliferous rocks, the manganese rocks are enriched
in Pb, Zn, Ag, Sn, W, and Fe. Hydrothermal deposits of

these metals define the metallogenic profile of the
southern Sikhote Alin region. Manganese and other
metals mentioned above were probably derived from
metalliferous rocks of the Triassic–Jurassic carbon-
aceous sequence.

The metalliferous rocks and associated hydrother-
mal rocks contain Au and PGM. For example, these
metals are concentrated in amphibole–pyroxene rocks
of the Shirokaya Pad area of the Ol’ginsk district. These
rocks are analogues of the adjacent manganiferous
skarns of the Belogorsk skarn magnetite deposit in all
aspects except the protolith (calcareous sandstones
rather than limestones). Therefore, one can also expect
the presence of Au and PGM in skarns of the Belogorsk
deposit and other skarn deposits of the Ol’ginsk and
Dal’negorsk ore districts. In order to check this
assumption, we investigated skarns of the Skal’naya
(Skal’nyi Otvod) and Blagodatnaya lodes (Belogorsk
deposit), as well as the Dal’negorsk borosilicate and
Sadovoe skarn base metal deposits.

The 

 

Skal’nyi Otvod lode

 

 is mainly composed of bus-
tamite, mangansalite, garnet, and manganactinolite.
Apatite and barite are subordinate. One can see micro-
scopic sphalerite, galena, anglesite, arsenopyrite, cas-
siterite, wolframite, zincite, bismite, chalcocite, silver
sulfate, löllingite, stannite, ilsemannite, and native zinc.
Solid solutions of various metals, such as Cu–Zn–Pb,
Cu–Zn–Pb–Sn, Cu–Sn, Cu–Pb–Cd, W–Co–Cr–Ti, W–
Co–Rh, Bi–Ag, and Bi–Pb–Ag, are widespread. The
rock contains grains of “cupriferous gold,” i.e., mem-
bers of the Cu(Au,Ag)–Cu

 

2

 

(Au,Ag) isomorphous
series (Table 1). In addition, the rock contains numer-
ous inclusions of native gold (diameter up to 2.0 

 

µ

 

m)
with traces of Cu (and/or Ag) and less abundant native
platinum (diameter 1–4 

 

µ

 

m, up to 3 

 

×

 

 8 

 

µ

 

m in size).
One can also see native silver grains, single grains of
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cinnabar, coloradaite, 

 

In

 

0.91

 

(PO

 

4

 

)

 

1.09

 

, Pd-platinum, and
native(?) rhenium. The sum total in analyses shows a
departure (sometimes significant) from 100% due to
the small size of grains, and numerous cavities or car-
bonates are present near the grains analyzed. Neverthe-
less, the analyses are well recalculated to stoichiomet-
ric formulas of the respective minerals.

The

 

 Blagodatnaya lode

 

, initially composed of Mn-
and Sn-bearing garnets, Mn-clinopyroxene, and a small
amount of Zn-bearing magnetite, was reworked by
hydrothermal solutions [1]. The relatively less altered
pyroxene–garnet skarn of this lode contains carbonate,
quartz, bismuth minerals, and apatite. Microscopic
inclusions consist of wolframite, scheelite, cassiterite,
barite, chalcopyrite, pyrite, arsenopyrite, gudmundite,
antimonite, and native iron and nickel, as well as solid
solution Cu–Zn; 

 

Ag

 

1.02

 

Cu

 

1.90

 

Sb

 

1.08

 

S

 

4.01

 

; and other
compounds of Cu, Ag, Pb, and Sb (Table 1). Silver
mainly occurs as argentite. One can also see grains of

 

Ru(Pb, Ag)

 

2

 

Bi

 

4

 

, native platinum (with traces of Cu in
some places), and native gold (pure or with traces of
Cu, Ag, Co, and less common Pt in some places).

The 

 

Dal’negorsk borosilicate deposit

 

 incorporates
lodes of pyroxene–wollastonite skarn replaced in some
places by the danburite–datolite ore. The pyroxene–
wollastonite skarn includes tiny (

 

n

 

–10

 

n

 

 

 

µ

 

m) grains of
barite, wolframite, scheelite, cassiterite, zircon, mona-
zite, baddeleyite, native tungsten and zinc, and solid
solutions (Cu–Zn, Cu–Zn–Pb, Cu–Zn–Sn, Cu–Sn, Co–
W, and Ni–Cu). One can also see grains of cinnabar,
uraninite, vaesite, 

 

CuAg

 

6

 

S

 

4

 

, intermetallic compounds
of the Ni

 

2

 

(Fe,Cr) type, and cupriferous gold (Fig. 1).
The rock contains Ag mainly as a native mineral and
argentite. One can also see native gold (pure or Ag-rich)
and ferroplatinum (Table 2).

The 

 

Sadovoe deposit

 

 is a proxy of the group of skarn
base metal deposits in the Dal’negorsk ore district. The
hedenbergite skarn contains inclusions of galena, pyr-
rhotite, wolframite, scheelite, cassiterite, zircon, bar-
ite, and oxides of various metals (Zr, Ti, Sc, Sr, Ce,
and Th). The rock also includes native iron, antimony,
zinc, and tungsten; intermetallic compounds Fe

 

3

 

(Cr,Ni),
(Fe,V,Cr)

 

2

 

Ti, and Fe

 

2

 

Ce; and solid solutions Cu–Zn,
Cu–Zn–Pb, Cu–Zn–Sn, Cu–Zn–Ni, Ni–Cr, and Co–W
(Table 2). One can see grains of cotunnite, jemsonite,
and rooseveltite. The rock contains Ag (argentite or

 

Cu

 

1.00

 

Ag

 

1.96

 

S

 

2.04

 

 

 

and 

 

Cu

 

0.98

 

Ag

 

3.95

 

S

 

3.07

 

), Au, Rh, and other
PGMs. Gold occurs as cupriferous or native minerals.

Thus, irrespective of the iron, base metal, or boron
mineral composition of ores, skarns of the Ol’ginsk and
Dal’negorsk ore districts of Primorye contain minerals of
Au, Ag, and PGM. The results of atomic absorption anal-
ysis show that the skarns are enriched in Au, Pt, and Pd.*
They are distinguished from the metalliferous rocks by

 

* After the submission of this paper, we detected in skarn of the
Sadovoe deposit a mineral of Pd represented by Pd

 

3

 

Ag (accord-
ing to analysis, Pd

 

2.98

 

Ag

 

1.02

 

).

 

the high Pd/(Au + Pt) ratio (Table 3). Therefore, skarn
deposits of Primorye should be checked for the con-
tents of Au and PGM irrespective of the type of major
mineralization in them. The unaltered and weakly
altered skarns are most interesting in this respect. Both
skarns and metalliferous rocks are characterized by the
presence of organic matter, an abundance of NaCl and
KCl, reduced forms of metals (20 metals in the native

 

1 

 

µ

 

m(Cu, Ag)

 

2

 

Au

Au

Pt

1 

 

µ

 

m

1 

 

µ

 

m

 

Cupriferous gold, native gold, and ferroplatinum (bright sec-
tors) in the pyroxene–wollastonite skarn of the Dal’negorsk
borosilicate deposit.
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Table 1. 

 

 Results of the microprobe analysis of minerals from skarns of the Belogorsk deposit

Ord. no. O Mg Al Si S Ca Cr Mn Fe Cl

S k a l ’ n a y a  l o d e
1 42.67 8.88 15.36 16.73 2.71 2.62
2 0.99 0.34 1.12 0.67
3 13.72 0.99 6.07 3.28 3.02 1.16 11.99
4 14.88 0.74 3.73 7.02 10.35 2.35 1.26 4.01
5 42.20 1.53 31.27 2.86 2.78 0.89 5.47
6 12.49 3.36 1.30 1.04 16.52
7 14.91 1.95 1.26 2.22 0.90 3.54 1.05
8 35.56 31.77 0.64 0.45
9 13.51 1.51 26.74 1.45 1.64 0.83

B l a g o d a t n a y a  l o d e
10 29.06 0.24 0.72 0.92 28.43 0.31 0.46
11 28.13 2.24 4.86 10.54 6.55 2.46
12 10.72 10.64 1.82 1.15
13 26.55 21.78 3.09 0.71
14 30.24 0.55 1.29 13.55 5.31 2.69 0.87 1.43
15 7.54 20.14 12.54
16 2.64 11.57 0.30 0.50
17 15.50
18 17.41 0.26 0.33 0.87 39.01
19 16.29 0.22 0.58 45.12

Ord. no. Cu Zn Ag Re Pd Pt Au Pb Bi Total

S k a l ’ n a y a  l o d e
1 3.66 7.81 100.44
2 101.33 104.45
3 1.38 59.62 101.23
4 8.98 2.19 16.6 72.11
5 1.00 6.04 9.35 103.39
6 3.32 62.17 100.20
7 2.46 71.01 99.30
8 1.31 16.68 86.41
9 7.33 53.01

B l a g o d a t n a y a  l o d e
10 0.81 12.64 91.46
11 42.95 97.73
12 1.54 5.48 66.31 97.66
13 2.12 12.05 32.09 102.04
14 39.23 100.00
15 19.46 16.34 98.11
16 1.01 8.09 33.88 35.65 93.50
17 3.35 9.84 25.37 49.82 103.88
18 0.66 41.43 99.97
19 2.36 35.68 100.25

 

Note: (1) Pd

 

0.46

 

Pt

 

0.54

 

; (2) native silver; (3) native platinum; (4) cupriferous gold Cu

 

0.57

 

Au

 

0.35

 

Ag

 

0.08

 

; (5) Ag

 

1.86

 

Pb

 

5.93

 

Bi

 

9.07

 

S

 

18.14

 

; (6) pure
gold Au

 

1.00

 

; (7) gold Au

 

0.94

 

Ag

 

0.06

 

; (8) Bi

 

0.87

 

Ag

 

0.13

 

; (9) native(?) rhenium; (10) gold Au

 

0.94

 

Pt

 

0.06

 

 (additional components, wt %:
13.10 P, 3.96 F, 0.83 Na); (11) pure gold Au

 

1.00

 

, (12) gold Au

 

0.82

 

Ag

 

0.12

 

Cu

 

0.06

 

; (13) Ru

 

0.98

 

(Pb

 

1.54

 

Ag

 

0.49

 

)

 

2.03

 

Bi

 

3.88

 

 (3.65 Ru);
(14) argentite Ag

 

2.06

 

S

 

0.94

 

 (0.52 Ti, 4.32 Na); (15) Ag

 

5.02

 

Cu

 

10.15

 

Sb

 

6.01

 

S

 

20.82

 

 (22.09 Sb); (16) Ag

 

0.88

 

Pb

 

1.91

 

Bi

 

1.99

 

S

 

4.22

 

; (17) ben-
jaminite Ag

 

0.76

 

Pb

 

1.02

 

Bi

 

1.98

 

S

 

4.00

 

; (18) platinum Pt

 

0.95

 

Cu

 

0.05

 

; (19) gold Au

 

0.83

 

Cu

 

0.17

 

. Here and in Table 2, the table shows the whole-
rock composition in the case of small grains due to contamination with the surrounding rock mass. The presence of Cr in many anal-
yses is related to contamination with Cr

 

2

 

O

 

3

 

 used for polishing. Analyses were carried out using a JXA8100 microprobe equipped
with three wave spectrometers and an INCAx-sight energy-dispersive spectrometer at the Far East Geological Institute, Vladivostok.
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Table 2. 

 

 Results of the microprobe analysis of minerals from skarns of the Dal’negorsk deposit

Ord. 
no O Mg Al Si S Ca Mn Fe Ni Cu Zn Ag Rh Ce Pt Au W Pb Total

P y r o x e n e – w o l l a s t o n i t e  s k a r n  o f  t h e  D a l ’ n e g o r s k  b o r o s i l i c a t e  d e p o s i t

1 9.79 5.96 5.59 1.24 1.59 70.07 94.24

2 17.45 0.34 8.82 8.34 7.60 1.97 3.18 0.81 45.49 94.00

3 6.05 2.20 3.06 0.51 7.34 80.17 99.33

4 32.98 0.43 19.37 19.98 3.55 4.31 2.64 16.08 99.34

5 23.43 0.24 20.42 26.53 3.61 4.71 16.14 97.08

6 21.41 0.90 16.79 17.16 2.29 2.95 14.33 2.53 21.23 99.59

7 21.63 21.19 1.42 0.56 0.95 54.17 99.92

8 11.58 13.63 10.01 2.12 3.52 47.17 3.75 91.78

9 7.29 3.30 12.97 3.32 0.74 0.91 6.45 64.54 99.52

M a n g a n h e d e n b e r g i t e  s k a r n  o f  t h e  S a d o v o e  d e p o s i t

10 28.59 0.32 0.43 8.28 8.53 5.72 1.24 6.16 49.55 109.28

11 15.49 0.29 0.30 10.87 9.66 2.10 10.32 35.81 84.84

12 17.77 2.63 10.07 8.04 2.01 12.40 12.75 18.80 84.47

13 21.30 1.51 10.58 5.21 1.25 6.70 18.87 5.43 35.74 106.60

14 10.46 2.77 2.17 0.65 2.96 1.03 55.75 76.44

15 8.99 0.77 1.36 1.03 33.39 33.82 13.11 92.47

16 10.47 0.36 0.73 10.82 4.35 2.37 6.28 6.25 29.88 28.92 101.80

17 15.61 2.11 2.67 0.64 3.91 72.70 103.46

18 8.74 0.47 7.59 4.03 35.69 41.22 98.01

 

Note: (1) Silver; (2) argentite (Au

 

1.82

 

Cu

 

0.05

 

)

 

1.87

 

S

 

1.12

 

; (3) ferroplatinum Pt

 

0.76

 

Fe

 

0.24

 

 in wollastonite; (4) gold Au

 

0.77

 

Ag

 

0.23

 

; (5) pure gold
Au

 

1.00

 

; (6) cupriferous gold Cu

 

0.63

 

Au

 

0.30

 

Ag

 

0.07

 

; (7) tungsten; (8) Ni

 

0.93

 

Cu

 

0.07

 

 in pyroxene; (9) Cu

 

1.01

 

Ag

 

5.96

 

S

 

4.03

 

; (10) argentite
Ag

 

1.90

 

S

 

1.10

 

 (additional components, wt %: 0.45 Na); (11) gold; (12) cupriferous gold Cu

 

0.67

 

Au0.33; (13) cupriferous gold
Cu0.56Au0.34Ag0.10; (14) minium(?) in pyroxene (0.64 Cl); (15) Cu0.48Zn0.47Pb0.05; (16) Cu0.46Zn0.43Ni0.11 (0.26 K, 1.11 Cl);
(17) Co0.20W0.80 (5.82 Co); (18) Fe1.94Ce1.06 (0.26 Cl).

Table 3.  Analysis of skarns of manganese rocks from the Ol’ginsk and Dal’negorsk ore districts by the atomic absorption
method (g/t)

Ord. no. Sample no. Au Pt Pd Pd/Au + Pt Au + Pt + Pd

1 Sd-1 0.54* 0.83 5.34 3.90 6.71

2 Bs-1 0.73 0.81 1.78 1.16 3.32

3 B-79-22 0.20 0.84 0.78 0.75 1.82

4 B-79-86 0.91 1.54 2.35 0.96 4.80

5 S-8 0.19 1.50 0.19 0.11 1.88

6 S-10 0.35 0.51 n.d. 0.00 0.86

7 S-11 0.38 0.49 n.d. 0.00 0.87

8 S-13 2.48 11.27 2.12 0.15 15.87

Note: (1–4) Skarns: (1) Sadovoe deposit, (2) Dal’negorsk borosilicate deposit, (3, 4) Blagodatnaya lode (Belogorsk deposit); (5–8) man-
ganese rocks exposed in the Sadovoe deposit; (*) Au up to 3.35 g/t based on the fire assay analysis (Laboratory for the Analysis
of Noble Metals, Far East Geological Institute, Vladivostok). Methodological features: acid decomposition of samples, reduction
of noble metals by SnCl2, concentration on metallic tellurium, and determination in a graphite cuvette (V.F. Zanina and V.N. Zalevskaya,
analysts). (n.d.) Not detected.
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state, more than 100 varieties of solid solutions and
intermetallic compounds, including phosphides, sili-
cides, and nitrides, in addition to, probably, borides),
and the presence of cupriferous gold. We believe that
Mn in skarn deposits was derived from manganese
rocks, while Fe could mainly be derived from “itabir-
ites.” Other metals, such as Pb, Zn, Sn, W, Ag, Au, and
PGM, could be derived from metalliferous rocks of all
types developed in the Triassic–Jurassic carbonaceous
sequences of Sikhote Alin.

ACKNOWLEDGMENTS
This work was supported by the Russian Foundation

for Basic Research (project no. 06-05-96043) and the
Presidium of the Far East Division of the Russian
Academy of Sciences (project no. 06-05-96043).

REFERENCES

1. V. T. Kazachenko, Petrology and Mineralogy of Hydro-
thermal Manganese Rocks in the Russian Far East
(Dal’nauka, Vladivostok, 2002) [in Russian].

2. V. T. Kazachenko, N. V. Miroshnichenko, E. V. Pere-
voznikova, et al., Dokl`. Earth Sci. 407, 429 (2006)
[Dokl. Akad. Nauk 407, 516 (2006)].

3. V. T. Kazachenko and V. I. Sapin, Mineralogy and Gen-
esis of Ferromanganese Mineralization in Coastal Zone
of Primorye (Dal’nevostoch. Otd. Akad. Nauk SSSR,
Vladivostok, 1990) [in Russian].

4. V. T. Kazachenko, V. M. Chubarov, V. A. Solyanik, and
G. A. Narnov, Dokl. Earth Sci. 400, 232 (2005) [Dokl.
Akad. Nauk 400, 785 (2005)].



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


